INTRODUCTION {#Sec1}
============

Acute lung injury (ALI) is a serious complication of the systemic inflammatory response syndrome (SIRS). In the setting of SIRS, ALI and its most severe form, the acute respiratory distress syndrome (ARDS), carry a mortality rate estimated at up to 40% \[[@CR1]\]. Although ARDS occurs following direct lung injury such as pneumonia, up to half of ARDS cases result from indirect inflammatory injury, as might occur in the setting of trauma or sepsis \[[@CR2]\]. To date, the primary approach to caring for patients with ARDS is supportive care. Multiple pharmacologic therapies aimed at improving patient outcomes have been unsuccessful, indicating an overall knowledge gap about primary underlying mechanisms. While multiple factors contribute to the development of ALI, oxidative stress caused by or resulting from production of reactive oxygen species (ROS) has been identified as one potential mechanism \[[@CR3]--[@CR5]\]. Even so, clinical trials using broad-spectrum antioxidant therapies have not improved outcomes \[[@CR6]\], suggesting that the role of oxidants is not well understood.

Though there are many potential sources for ROS production during lung injury, a predominant feature of ARDS is the infiltration of neutrophils to the alveolar space. Neutrophils produce ROS in part through the NADPH oxidase 2 (Nox2), a multi-subunit enzyme complex in leukocytes. Although oxidative stress resulting from ROS production has been proposed as injurious and involved in the pathogenesis of ARDS \[[@CR4]\], there is evidence suggesting the contrary. Segal et al. \[[@CR7]\] showed increased pulmonary inflammation following direct lung injury in mice lacking functional Nox2. Further, mice that lack Nox2 develop spontaneous arthritis with high levels of pro-inflammatory mediators \[[@CR8]\]. These studies suggest that Nox2-derived ROS also have an important role in the downregulation of local inflammatory processes.

Our laboratory was the first to demonstrate a protective role for Nox2 during *sterile* systemic inflammation. Using a murine model of SIRS, we found that mice lacking the catalytic subunit of Nox2 (gp91^phox-/y^) had increased early mortality and unresolved inflammation \[[@CR9]\]. The primary phenotypic difference in the gp91^phox-/y^ mice was the development of severe lung injury, characterized by hemorrhage, neutrophil infiltration, and thrombus formation, that was not present in WT mice. The early development of lung injury in the gp91^phox-/y^ mice suggests that Nox2 in a resident cell in the lung is protective against the development of ALI during systemic inflammation.

In this study, we extend our previous findings and provide additional cell-specific evidence of the role of Nox2 in limiting pulmonary inflammation during sterile systemic inflammation using the zymosan-induced sterile inflammation model. Although both genotypes demonstrate early signs of systemic inflammation, mice lacking Nox2 rapidly develop lung injury that is not present in the WT mice. Additionally, we provide evidence that this difference is related to baseline differences in chemokine expression by the alveolar macrophage. Overall, our results demonstrate that Nox2 is essential in limiting inflammation in the lung following sterile systemic insults.

MATERIALS AND METHODS {#Sec2}
=====================

Materials {#Sec3}
---------

Zymosan A from Sigma-Aldrich (St. Louis, MO, USA) was resuspended in PBS, sonicated for 5 min, and then boiled for 10 min. Zymosan A was then centrifuged, rinsed, and boiled two additional times before a final resuspension in PBS and stored at − 20 °C. Alexa Fluor^®^ 700 Ly6G was purchased from BD Biosciences (San Jose, CA, USA). eFluor^®^ 450 CD11b was purchased from Affymetrix (Santa Clara, CA, USA). RT-PCR primers were purchased from Thermo Fisher Scientific (Waltham, MA, USA). ELISA antibodies and streptavidin-HRP were purchased from R&D Systems (Minneapolis, MN, USA). Collagenase D and DNase I were purchased from Sigma (St. Louis, MO, USA).

Animals {#Sec4}
-------

All studies were approved and conducted under the oversight of the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center. Age-matched (10--14 weeks) male C57BL/6J (WT) and gp91^phox^-deficient (B6.129S-*Cybb*^*tm1Din*^/J) mice were used in all experiments. Mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and kept in a barrier facility with free access to standard rodent chow and water.

Zymosan-Induced Generalized Inflammation {#Sec5}
----------------------------------------

Sterile systemic inflammation was induced using the zymosan-induced generalized inflammation (ZIGI) model \[[@CR10]\], in which mice received an intraperitoneal injection of zymosan (0.7 mg/g). We have previously demonstrated that saline-injected mice did not develop an inflammatory phenotype \[[@CR9]\], and thus, non-injected mice were used as controls for all experiments. Mice were sacrificed at 1 h and 2 h post injection.

Assessment of Systemic Inflammation {#Sec6}
-----------------------------------

Mice were anesthetized with isoflurane, and blood was collected into an EDTA-containing tube from the submandibular vein. Complete blood counts (CBCs) were performed by the University of Texas Southwestern Medical Center animal resource center diagnostic lab using a ProCyte Dx analyzer (IDEXX Laboratories). Remaining blood was centrifuged at 2300×*g* for 5 min at 4 °C. Plasma was removed and stored at − 80 °C.

Plasma samples from non-injected and zymosan-injected mice were evaluated for cytokine content using a Bio-Plex Pro™ Mouse Cytokine 23-plex Assay (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions. Data was collected and analyzed on a Bio-Rad Bio-Plex (Luminex 200). Samples reported as out-of-range low were assigned the lowest detectable standard value.

Evaluation of Lung Injury {#Sec7}
-------------------------

Bronchoalveolar lavage (BAL) was performed by serial intratracheal infusions of PBS (5 mL final volume) followed by gravity drainage. Recovered fluid was centrifuged at 500×*g* for 5 min at 4 °C, and the pellet was resuspended in PBS without calcium or magnesium. The total leukocyte number was determined by hemocytometer count. Cell differentials were obtained by counting 100 leukocytes in two random fields on cells obtained using a cytospin that were fixed and stained using a Hema 3 Stat Pack (Thermo Fisher Scientific, Waltham, MA, USA).

Following BAL, the pulmonary vasculature was perfused through the right ventricle with 5 mL of PBS. Lungs were removed, cut into small pieces with scissors, and subjected to digestion in digestion buffer (1 mg/mL collagenase D and 0.1 mg/mL DNase I in PBS) for 30 min at 37 °C with continuous shaking. In a subset of experiments, lungs were mechanically digested using a Miltenyi gentleMACS™ Dissociator (Miltenyi Biotec, Inc., San Diego, CA, USA) according to the manufacturer's directions. Homogenized lungs were passed through a 70-μm nylon filter, and the lung homogenate was centrifuged at 500×*g* for 5 min at 4 °C. The resultant supernatant was collected and stored at − 80 °C. The remaining red blood cells were lysed, and cells were fixed for flow cytometry using BD FACS lysis buffer (BD Biosciences, San Jose, CA, USA). The cell count was determined using a hemocytometer.

Monocyte Chemoattractant Protein 1 and Macrophage Inflammatory Protein 1α ELISA {#Sec8}
-------------------------------------------------------------------------------

For quantification of chemokines, 96-well Nunc MaxiSorp microplates were coated with antibodies against macrophage inflammatory protein 1α (MIP-1α) or monocyte chemoattractant protein 1 (MCP-1) in carbonate buffer (100 mM NaHCO~3~, 34 mM Na~2~CO~3~, pH 9.6) for 16 h at 22 °C. Wells were blocked with PBS containing 1% BSA and 5% sucrose for 1 h. Samples were thawed and spun at 10,000×*g* for 10 min at 4 °C during the blocking step. Standards diluted in assay diluent (PBS with 0.1% BSA) and undiluted samples were loaded into duplicate wells and incubated for 2 h at 22 °C. Biotinylated antibody against the target chemokine was added and allowed to incubate for 2 h followed by streptavidin-HRP for 20 min. Finally, tetramethylbenzidine was added to the wells for 10--30 min for color development and 0.5 M H~2~SO~4~ was added to stop the reaction. All incubations were performed at 22 °C, and wells were rinsed three times with wash buffer (PBS with 0.05% Tween 20) between each step. Absorbance at 450 nm was measured on a CLARIOstar Omega. Samples reported as out-of-range low were excluded.

Flow Cytometry {#Sec9}
--------------

Cells were blocked with PBS containing 4% NGS and 2% nonfat dry milk on ice for 20 min. Cells were incubated with conjugated antibodies on ice for 1 h and washed before analysis.

All data acquisition was performed on a BD LSR II (BD Biosciences, San Jose, CA, USA) in the Flow Cytometry Facility at the University of Texas Southwestern Medical Center with ≥ 10,000 events collected per analysis. Data was analyzed using FlowJo software, version 10.0.08 (Treestar, Ashland, OR, USA).

RT-PCR {#Sec10}
------

Total RNA was extracted using TRIzol^®^ according to the manufacturer's instructions. The quality and quantity of RNA was determined by absorbance at 260 nm/280 nm using the NanoDrop^®^ ND-1000 (Thermo Fisher, Waltham, MA, USA). Complementary DNA (cDNA) was prepared using 1 μg RNA using the high-capacity RNA-to-cDNA kit (Applied Biosystems™; Thermo Fisher Scientific, Waltham, MA, USA). RT-PCR was performed using TaqMan™ primers for GAPDH (Mm99999915_g1), CCL2 (MCP-1; Mm00441242_m1), CCL3 (MIP-1α; Mm00441259_g1), CCL4 (MIP-1β; Mm00443111_m1), and CXCL2 (MIP-2; Mm00436450_m1) on an ABI Prism 7900 system (Applied Biosystems™; Thermo Fisher Scientific, Waltham, MA, USA) in duplicate. The relative amount of RNA was calculated using the comparative threshold cycle method. GAPDH was used as the reference gene.

Cell Culture {#Sec11}
------------

Bone marrow-derived macrophages were generated as described previously \[[@CR11]\]. Briefly, both femurs were removed from uninjected mice and flushed with RPMI 1640 medium (RPMI; Fisher Scientific, Waltham, MA, USA). Cells were plated in RPMI medium with 10% heat-inactivated fetal bovine serum (FBS; HyClone™, Logan, UT, USA), 20% L929 cell-conditioned media, 100 μg/mL streptomycin, and 100 U/mL penicillin. Following 7 days of growth at 37 °C with 5% CO~2~, 1 × 10^6^ cells were placed in each well of a six-well culture dish. Cells were incubated at 37 °C for 2 h, media were removed, cells were washed twice with RPMI medium, and fresh RPMI medium with 10% FBS was added. Cells were incubated at 37 °C for an additional time of 2 h, at which time media were collected and stored at − 80 °C. TRIzol was added directly to cells for RNA isolation.

Peritoneal macrophages were recovered by peritoneal lavage, and alveolar macrophages were collected *via* bronchoalveolar lavage. Cells were cultured in RPMI medium with 10% FBS. Mature macrophages were allowed to adhere to cell culture plates at 37 °C for 2 h, at which time media were removed and cells were washed twice with RPMI medium. Fresh RPMI medium with 10% FBS was added, and cells were incubated at 37 °C for an additional time of 2 h. Media were collected and used for quantification of MIP-1α and MCP-1. TRIzol was added directly to cells for RNA isolation and RT-PCR analysis.

Neutrophil Migration {#Sec12}
--------------------

Neutrophil migration was measured in duplicate using 24-well Transwell^®^ plates with a 3 μM pore diameter (Corning Inc., Corning, NY, USA). Two hours following zymosan injection, BAL fluid was obtained and centrifuged at 500×*g* for 5 min at 4 °C. Five hundred microliters of BAL supernatant was placed in the bottom well of the Transwell^®^ plate.

Following lung digestion, lung polymorphonuclear neutrophils (PMNs) were isolated using an anti-Ly6G microbead kit (Miltenyi Biotec, Inc., San Diego, CA, USA) according to the manufacturer's directions. Following magnetic selection, isolated lung PMNs were washed and resuspended in RPMI and were placed in the top well of the Transwell^®^ plate. Plates were incubated overnight at 37 °C. Migrated cells were counted using a hemocytometer, and percent migrated was calculated as the total cells migrated divided by the total lung PMN added to the top well.

Statistics {#Sec13}
----------

All data are presented as mean ± SEM. Statistical analysis was performed using GraphPad Prism (version 6.05) for Windows (GraphPad Software, La Jolla, CA, USA). Results were considered statistically significant with a *p* value ≤ 0.05. Comparisons between groups were performed using one-way ANOVA followed by Sidak's multiple comparison test. In some cases, direct comparisons between genotypes were made using unpaired Student's *t* tests. In all graphs, \**p* ≤ 0.05, \*\**p* \< 0.01, and \*\*\**p* ≤ 0.001.

RESULTS {#Sec14}
=======

WT and gp91^phox-/y^ Mice Exhibit Early Systemic Inflammation in Response to Zymosan {#Sec15}
------------------------------------------------------------------------------------

Given our previous data demonstrating that the gp91^phox-/y^ mice have increased early mortality and develop severe lung injury \[[@CR9]\], we investigated the onset of systemic inflammation using the ZIGI model \[[@CR10]\]. Mice were scored for the presence of ruffled fur, lethargy, diarrhea, and conjunctivitis using a previously validated scoring system for rodents \[[@CR10]\] at 1 h and 2 h post intraperitoneal zymosan injection. There were no significant differences in the inflammation score between genotypes at these early time points (data not shown). We have previously shown that both genotypes develop a systemic inflammatory response as evidenced by hypothermia, hypotension, and leukopenia by 6 h following intraperitoneal injection with zymosan \[[@CR9]\]. In the current study, we found that both genotypes displayed an early decline in WBC count, with no differences between genotypes (Fig. [1](#Fig1){ref-type="fig"}a). There was an increase in the percentage of circulating neutrophils, with a decrease in the percentage of lymphocytes 1 h and 2 h after zymosan injection in both genotypes (Fig. [1](#Fig1){ref-type="fig"}b, c). The gp91^phox-/y^ mice develop thrombocytopenia 2 h following zymosan injection, with no significant differences in platelet count between genotypes (Fig. [1](#Fig1){ref-type="fig"}d).Fig. 1Both genotypes exhibit alterations in circulating white blood cells following induction of sterile inflammation. WT and gp91^phox-/y^ mice demonstrate a reduction in circulating white blood cells and increase in the percentage of circulating neutrophils within 1--2 h of intraperitoneal injection of zymosan (**a**, **b**). There is a decrease in the percentage of circulating lymphocytes in both genotypes within 1--2 h after injection (**c**), with only the gp91^phox-/y^ mice developing decreased platelet counts at 2 h (**d**). Time 0 represents uninjected control mice. (*N* = 6--17 per time point from seven independent experiments). \**p* ≤ 0.05, \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001 as compared to uninjected mice.

We further characterized the early systemic inflammatory response through the measurement of plasma chemokines and cytokines 1 h and 2 h following zymosan injection. Plasma levels of MCP-1 were elevated in both genotypes, with levels of KC elevated only in the gp91^phox-/y^ mice 2 h following zymosan injection. There were no differences in the amount of MIP-1α, MIP-β, MCP-1, or KC in gp91^phox-/y^ mice when compared to WT mice at any time point (Fig. [2](#Fig2){ref-type="fig"}). Taken together, our inflammation scoring, CBC data, and plasma cytokine/chemokine measurements are consistent with the conclusion that both genotypes develop early systemic inflammation following zymosan injection. Thus, the onset of lung injury in only the gp91^phox-/y^ mice seems unlikely to be mediated by differences in the systemic inflammatory environment but rather is a local or tissue-specific event.Fig. 2Plasma levels of inflammatory cytokines and chemokines do not differ between genotypes. There are no significant differences in plasma levels of MIP-1α (**a**) or MIP-1β (**b**) following zymosan injection in either genotype. MCP-1 is increased in both genotypes 2 h after zymosan injection, with no significant difference between genotypes (**c**). Plasma levels of KC are increased in the gp91^phox-/y^ mice 2 h after zymosan injection, with no significant differences between genotypes (**d**). Time 0 represents uninjected control mice. (*N* = 4--5 from four independent experiments). \**p* ≤ 0.05 as compared to uninjected mice.

Enhanced PMN Response in the Lungs of gp91^phox-/y^ Mice Following Induction of Sterile Inflammation {#Sec16}
----------------------------------------------------------------------------------------------------

Our previously published work demonstrated a striking difference between genotypes in the development of lung injury, with the gp91^phox-/y^ mice displaying neutrophil infiltration, hemorrhage, and thrombus formation, that was lacking in the WT mice. This distinction between genotypes was evident as early as 6 h and persisted over many weeks \[[@CR9], [@CR12]\]. We hypothesized that this lung injury resulted from the loss of inhibitory Nox2 signaling in a resident cell in the lung, and sought to explore the initial onset of lung injury 1 h and 2 h post zymosan injection.

To evaluate the role of Nox2 in PMN recruitment to the lung during systemic inflammation, we examined lung homogenates from uninjected mice and at 1 h and 2 h following intraperitoneal zymosan injection. On gross inspection at the time of euthanasia, we noted the development of microthrombi on the surface of the lungs 2 h following intraperitoneal zymosan injection in a significant percentage of gp91^phox-/y^ mice (11/18; 61%), whereas this was not observed in WT mice (0/19; 0%) (Fig. [3](#Fig3){ref-type="fig"}). There was a significant increase in the percentage of neutrophils in the lung homogenates 1 and 2 h post injection in both genotypes (Fig. [4](#Fig4){ref-type="fig"}a--c), with no significant differences in total lung cell count between genotypes (Fig. [4](#Fig4){ref-type="fig"}d). Given that the lung homogenates were obtained following bronchoalveolar lavage and perfusion of the pulmonary vasculature, the neutrophils represent both marginated and interstitial neutrophils. We further examined the phenotype of this subgroup of neutrophils by examining the surface expression of the β~2~-integrin CD11b (Mac-1). CD11b is a well-described marker of neutrophil priming/activation status and a necessary protein for neutrophil migration \[[@CR13]\]. PMNs in the lung homogenate displayed an increase in CD11b expression on the cell surface 2 h after injection in both genotypes, with significantly higher expression in the gp91^phox-/y^ mice compared to the WT mice (Fig. [4](#Fig4){ref-type="fig"}e). Thus, even though both genotypes display increased neutrophil sequestration in the lung during systemic inflammation, the increase in CD11b expression 2 h following zymosan injection suggests that neutrophils from the gp91^phox-/y^ mice are more activated when compared to the WT mice. Given this difference, we next examined expression and secretion of inflammatory chemokines in the lung.Fig. 3gp91^phox-/y^ mice develop microthrombi on the surface of the lung. Two hours following the induction of sterile inflammation, there is development of microthrombi on the surface of the lung in gp91^phox-/y^ mice (**b**) that is not present in WT mice (**a**).Fig. 4gp91^phox-/y^ mice display increased neutrophil sequestration and activation in the lung. Representative dot plots demonstrate the percentage of lung PMNs following i.p. zymosan injection in WT and gp91^phox-/y^ mice (**a**). Both WT and gp91^phox-/y^ mice display sequestration of neutrophils within the lung 1 h after intraperitoneal injection of zymosan with further increase by 2 h when compared with uninjected control mice (**b**, **c**). There is no significant difference in the total cell count in lung homogenates between genotypes (**d**). Surface expression of CD11b is upregulated on neutrophils from the whole-lung digest of gp91^phox-/y^ mice 2 h after injection when compared to the WT mice (**e**). (*N* = 7--18 from four independent experiments). \**p* ≤ 0.05.

gp91^phox-/y^ Mice Display Enhanced Gene Expression of Inflammatory Chemokines in the Lung {#Sec17}
------------------------------------------------------------------------------------------

Based on the early evidence of neutrophil migration, we hypothesized that there would be increased levels of inflammatory chemokines in the lung. We examined the gene expression of the inflammatory chemokines MCP-1, MIP-1α, MIP-1β, and MIP-2 in lung homogenates. Unexpectedly, we found that the basal expression of MIP-1α is significantly higher in gp91^phox-/y^ mice compared to WT mice (Fig. [5](#Fig5){ref-type="fig"}a), with no significant differences in gene expression of MCP-1, MIP-1β, or MIP-2 between genotypes (Fig. [5](#Fig5){ref-type="fig"}b--d). After finding evidence of a difference in baseline chemokine expression in the whole lung by RT-PCR, we measured MIP-1α and MCP-1 protein levels in the lung digest supernatant. Uninjected gp91^phox-/y^ mice displayed markedly enhanced secretion of MIP-1α in the lung compared to WT mice, with a trend towards increased secretion of MCP-1 (Fig. [5](#Fig5){ref-type="fig"}e, f). As the lung homogenate contains a mixed cell population, it is difficult to determine which cell type is responsible for the increase in MIP-1α secretion. We hypothesized that this baseline difference was due to phenotypic differences in resident macrophages in gp91^phox-/y^ mice, and therefore, we next examined the cells in the alveolar space.Fig. 5gp91^phox-/y^ mice have enhanced gene expression and protein secretion of inflammatory cytokines and chemokines in whole-lung digests. There is higher gene expression of MIP-1α in unstimulated gp91^phox-/y^ mice compared to WT mice (**a**), with no significant differences in the expression of MCP-1 (**b**), MIP-1β (**c**), or MIP-2 (**d**). (*N* = 4--11 from four independent experiments). Levels of MIP-1α and MCP-1 in the supernatant of the whole-lung digest were determined using ELISA in uninjected mice and 1 h and 2 h post injection. The gp91^phox-/y^ mice have increased basal secretion of MIP-1α in the lung as compared to WT mice (**e**), with no significant differences in protein secretion of MCP-1 (**f**). (*N* = 3--10 from five independent experiments). \**p* ≤ 0.05, \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.

gp91^phox-/y^ Mice Display Enhanced Neutrophil Infiltration to the Alveolar Space {#Sec18}
---------------------------------------------------------------------------------

Consistent with our previously published observations at 6--48 h \[[@CR9]\], the gp91^phox-/y^ mice displayed hemorrhagic bronchoalveolar lavage fluid (BALf) within 2 h of injection (7/17; 41%), whereas there was minimal hemorrhage seen in WT mice (1/20; 5%). Despite our finding that both genotypes had enhanced neutrophil *trapping* in the lung, only the gp91^phox-/y^ mice displayed migration of these neutrophils into the alveolar space (Fig. [6](#Fig6){ref-type="fig"}a, b). Although there was a trend towards higher total cell counts in the BAL in the gp91^phox-/y^ mice compared to the WT mice, this was not statistically significant (Fig. [6](#Fig6){ref-type="fig"}c). Similar to our findings in the whole-lung digest, PMNs from the alveolar space displayed a significantly higher expression of surface CD11b in the gp91^phox-/y^ mice compared to the WT mice (Fig. [6](#Fig6){ref-type="fig"}d). These data suggest that Nox2 is protective against neutrophil migration to the alveolar space during systemic inflammation.Fig. 6gp91^phox-/y^ mice display neutrophil recruitment to the alveolar space. The gp91^phox-/y^ mice display increased neutrophil infiltration into the alveolar space as measured in the BALf within 1 h and 2 h of zymosan injection when compared to the WT mice (**a**, **b**), with no significant difference in total BAL cell count (**c**). There is higher cell surface expression of CD11b on neutrophils from the BAL 2 h after injection when compared to WT mice (**d**) (*N* = 4--10 from five independent experiments). \**p* ≤ 0.05, \*\**p* ≤ 0.01.

gp91^phox-/y^ Mice Display Enhanced Gene Expression of MIP-1α, MCP-1, and MIP-2 in Cells Isolated from BALf {#Sec19}
-----------------------------------------------------------------------------------------------------------

The most remarkable difference between the gp91^phox-/y^ mice and WT mice is the early recruitment of neutrophils to the alveolar space. We postulated that this recruitment is initiated by alveolar macrophages, and that there would be differences in inflammatory chemokine production by the alveolar macrophages in uninjected gp91^phox-/y^ mice. Unlike the lung digest, which contains several different cell types, cells obtained from the alveolar space by BAL in uninjected mice are 99.3% ± 0.28% alveolar macrophages. Using RT-PCR to examine the gene expression of specific inflammatory chemokines in alveolar macrophages isolated from uninjected mice, we found increased mRNA expression of MIP-1α, MCP-1, and MIP-2 in gp91^phox-/y^ mice compared to WT mice (Fig. [7](#Fig7){ref-type="fig"}a). Uninjected gp91^phox-/y^ mice displayed markedly enhanced secretion of MIP-1α in the BALf compared to WT mice, with a persistent increase noted 1 h and 2 h following intraperitoneal zymosan injection (Fig. [7](#Fig7){ref-type="fig"}b). There was no significant difference in the secretion of MCP-1 (Fig. [7](#Fig7){ref-type="fig"}c). Although we hypothesized that this baseline difference was due to phenotypic differences in resident macrophages in gp91^phox-/y^ mice, we recognized that levels of MIP-1α in the BALf may represent protein secreted from other cells, such as epithelial or endothelial cells. Therefore, we next examined isolated alveolar macrophages *ex vivo*.Fig. 7gp91^phox-/y^ mice display enhanced basal gene expression of inflammatory chemokines in cells isolated from the BALf. There is enhanced gene expression of MIP-1α, MCP-1, and MIP-2 in uninjected gp91^phox-/y^ mice compared to WT mice, with a trend towards increased MIP-1β gene expression (**a**). (*N* = 3--15 from four independent experiments). In the BALf, the gp91^phox-/y^ mice display increased protein secretion of MIP-1α at baseline and 1--2 h following intraperitoneal injection compared to WT mice (**b**), with no difference in the secretion of MCP-1 (**c**). (*N* = 6--17 from 10 to 11 independent experiments). \**p* ≤ 0.05, \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.

MIP-1α, MIP-1β, and MIP-2 Gene Expression Is Enhanced in Alveolar Macrophages Isolated from gp91^phox-/y^ Mice {#Sec20}
--------------------------------------------------------------------------------------------------------------

Our results demonstrate differences in chemokine secretion in the lung and BALf of uninjected gp91^phox-/y^ mice compared to WT mice. Given that the primary phenotypic difference is the development of lung injury in the gp91^phox-/y^ mice that is lacking in the WT mice, we postulated that the increased chemokine secretion was a cell-specific finding in the alveolar macrophage. Similar to the results of our *in vivo* studies, alveolar macrophages isolated from gp91^phox-/y^ mice display enhanced gene expression of MIP-1α, MIP-1β, and MIP-2 compared to WT mice, whereas there are no significant differences in chemokine expression in cultured bone marrow-derived macrophages (Fig. [8](#Fig8){ref-type="fig"}a--c). Isolated peritoneal macrophages from gp91^phox-/y^ mice have increased the gene expression of MIP-1β, with no significant differences in MCP-1, MIP-1α, or MIP-2. Moreover, in this *ex vivo* analysis, there was increased protein secretion of MIP-1α by the alveolar macrophages isolated from gp91^phox-/y^ mice with no differences in the secretion of this chemokine by isolated peritoneal cells (Fig. [8](#Fig8){ref-type="fig"}d). These data suggest that the increase in chemokine secretion in the gp91^phox-/y^ mice is a cell-specific event in the alveolar macrophage. As our model shows an increase in neutrophil recruitment to the alveolar space in the gp91^phox-/y^ mice *in vivo*, we next sought to determine if neutrophil migration to BALf could be demonstrated *ex vivo*.Fig. 8Alveolar macrophages isolated from gp91^phox-/y^ mice display enhanced gene expression of inflammatory chemokines. There is enhanced gene expression of MIP-1α (**a**), MIP-2 (**b**), and MIP-1β (**c**) in alveolar macrophages isolated from gp91^phox-/y^ mice when compared to WT mice. Peritoneal macrophages isolated from gp91^phox-/y^ mice have enhanced gene expression of MIP-1β compared to WT mice. There is increased protein secretion of MIP-1α in alveolar macrophages isolated from gp91^phox-/y^ mice, with no difference in peritoneal macrophages (**d**). (*N* = 4--11 from a minimum of four independent experiments). \**p* ≤ 0.05, \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.

Isolated Lung PMN Migrate to BAL Fluid from gp91^phox-/y^*Ex Vivo* {#Sec21}
------------------------------------------------------------------

Given our findings that alveolar macrophages display increased secretion of inflammatory chemokines, we next sought to determine if the secretion of these chemokines was sufficient to facilitate neutrophil migration. We studied neutrophil migration *ex vivo* using BAL fluid collected from WT and gp91^phox-/y^ mice 2 h following zymosan injection. We demonstrate that PMNs isolated from the lung of gp91^phox-/y^ mice migrate to BAL fluid obtained from the gp91^phox-/y^ mice, whereas there is a lower percentage of WT lung PMNs that migrate to WT BAL fluid (Fig. [9](#Fig9){ref-type="fig"}). Since cells have been removed from the BAL fluid, this demonstrates that the chemokine gradient present in the BAL fluid is sufficient to lead to increased neutrophil recruitment to the alveolar space. Considered in combination, these data suggest that Nox2 protects against the development of ALI by modulating chemokine secretion by alveolar macrophages.Fig. 9Isolated lung PMNs migrate to the gp91^phox-/y^ BALf. There is increased neutrophil migration to the gp91^phox-/y^ BALf compared to WT BALf. (*N* = 5--6 from three independent experiments). \**p* ≤ 0.05.

DISCUSSION {#Sec22}
==========

ARDS leads to significant morbidity and mortality, and there are currently no effective mechanistic-based therapies. Oxidative stress has been targeted in the past, but these therapies have not been effective in improving patient outcomes. Prior studies in our laboratory have demonstrated that there is an important anti-inflammatory role of Nox2-derived ROS in the lung. In the current study, we significantly expand our understanding of the mechanism by which Nox2-derived ROS serve to protect against ALI in sterile systemic inflammation. Our findings demonstrate that the development of lung injury is not a function of increased systemic inflammation, but rather an organ-specific inflammatory process in the gp91^phox-/y^ mice. The novelty of the current study is the demonstration of enhanced basal gene expression of MIP-1α, MIP-1β, and MIP-2 in alveolar macrophages isolated from gp91^phox-/y^ mice, suggesting that Nox2-derived ROS are required for the modulation of inflammatory chemokines in the lung and maintenance of immune homeostasis. While this baseline difference in inflammatory chemokine gene expression in alveolar macrophages in the gp91^phox-/y^ mice does not lead to lung injury in unstimulated mice, it may lead to enhanced susceptibility to systemic inflammatory insults. The requirement for Nox2-derived ROS in repressing the secretion of chemokines in the lung may also partially explain the failure of broad-spectrum antioxidant therapies in ARDS.

Our finding of increased lung injury in mice lacking Nox2 is consistent with several prior studies demonstrating the development of ALI in Nox2-deficient mice. These include models of direct lung injury, such as intratracheal zymosan \[[@CR7]\], LPS \[[@CR7]\], and acid aspiration \[[@CR14]\], and indirect lung injury, such as bacterial peritonitis \[[@CR15]\]. In contrast with our findings, Imai et al. \[[@CR16]\] demonstrated that mice lacking Nox2 were protected against the development of lung injury using pulmonary instillation of the H5N1 virus, and Menden et al. \[[@CR17]\] found that Nox2-deficient mice had attenuated lung injury following intraperitoneal injection with LPS. In the study by Imai et al., mice lacking p47^phox^, a cytosolic subunit of Nox2, were protected against lung injury as determined by improved lung elastance, decreased pulmonary edema and decreased alveolar wall thickening during H5N1 infection \[[@CR16]\]. No comment is made regarding the presence of neutrophil infiltration in the lung or BAL in their model. Patients with mutations in p47^phox^ have a less severe phenotype when compared to patients with mutations in gp91^phox^ due to residual ROS production \[[@CR18]\], which may, in part, explain the attenuated lung injury in their study. Menden et al. \[[@CR17]\] used intraperitoneal injection of LPS in neonatal mice and demonstrated attenuated neutrophil infiltration to the lung in Nox2-deficient mice. There are two key differences in this study when compared to our model of sterile systemic inflammation. First, this study utilized neonatal mice, which, in addition to having underdeveloped lungs, have been demonstrated to have an immature innate immune system \[[@CR19]\]. Second, mice and humans are known to have different sensitivities to LPS, and therefore, this model may not be directly applicable to human disease. Interestingly, the study by Menden et al. was also in contrast to the study by Gao et al. \[[@CR15]\], which used *Escherichia coli* peritonitis as their model. As LPS and *E. coli* both produce inflammation through Toll-like receptor 4, the mechanism behind the difference in responses in the two studies is unclear.

Neutrophil infiltration to the alveolar space is a key feature of ARDS \[[@CR20]--[@CR25]\]. Our data demonstrate that neutrophil sequestration occurs in both genotypes as early as 1 h following induction of sterile inflammation. This increase in neutrophil sequestration in the lung is consistent with prior studies using mice lacking Nox2 with induced bacterial peritonitis \[[@CR15]\]. The accumulation of neutrophils in the pulmonary vascular bed has been previously demonstrated and may be beneficial in allowing for rapid response to infection or injury. In patients who develop ARDS, neutrophil sequestration in the pulmonary capillaries has been shown to be one of the earliest events \[[@CR26]\], with the large number of neutrophils remaining in the pulmonary vascular bed resulting in a reduction in the peripheral neutrophil count \[[@CR27], [@CR28]\]. Although neutrophil sequestration is recognized as an early event in the development of ALI, the activation status of these neutrophils likely determines the extent of their extravascular migration and the degree of host damage. Consistent with previous studies in our laboratory \[[@CR12]\], there was higher expression of CD11b on the surface of neutrophils sequestered in the lung in gp91^phox-/y^ mice when compared to WT mice 2 h following zymosan injection. This difference in activation status may be a factor in the differential neutrophil migration to the alveolar space in gp91^phox-/y^ mice despite the increase in neutrophil sequestration in both genotypes.

Alveolar macrophages have a central role in the regulation of neutrophil recruitment to the alveolar space. The production of cytokines and chemokines by alveolar macrophages has been shown to be instrumental in murine models of ischemia/reperfusion injury \[[@CR29], [@CR30]\], trauma-induced lung injury \[[@CR31], [@CR32]\], and LPS-induced lung injury \[[@CR33]\]. Chemical depletion of alveolar macrophages was associated with attenuated neutrophil recruitment in LPS-induced lung injury \[[@CR34], [@CR35]\], further solidifying the importance of alveolar macrophages in modulating the immune response in the lung. Additionally, murine models of hemorrhagic shock \[[@CR36], [@CR37]\] and burn injury \[[@CR38]\] have implicated early activation of alveolar macrophages in the development of lung injury.

The novelty of our data is the demonstration of a basal difference in the gene expression of inflammatory chemokines in alveolar macrophages isolated from the BALf of unstimulated gp91^phox-/y^ mice *in vivo* and *ex vivo*. MIP-2, a CXC chemokine, and MIP-1α, MIP-1β, and MCP-1, members of the CC family of chemokines, act primarily to recruit pro-inflammatory cells, including neutrophils \[[@CR39]--[@CR41]\]. MIP-2 has been demonstrated to regulate neutrophil recruitment to the lung in ventilator-induced lung injury \[[@CR42]\]. MIP-1α has been demonstrated to promote lung inflammation in a model of LPS-induced direct lung injury \[[@CR43]\], as well as during ventilator-induced lung injury \[[@CR44]\]. Additionally, MIP-1α and MCP-1 have been demonstrated to participate in inflammatory cell recruitment into the lungs in the setting of a cecal ligation and puncture-induced sepsis model \[[@CR45]\], though a definitive causative role was not determined in this study.

The regulation of MIP-1α and other inflammatory chemokine expression occurs through several pathways, including ERK 1/2, JNK, and p38 MAP kinases \[[@CR46]\], as well as signal transducer and activator of transcription (STAT) proteins, specifically STAT3 \[[@CR47], [@CR48]\]. Park et al. \[[@CR49]\] demonstrated a requirement for ERK and JNK for the expression of MIP-1α and MCP-1 in response to LPS using cultured murine macrophages. STAT3 is recognized to play a key role in regulating inflammatory processes \[[@CR50], [@CR51]\] and is activated primarily through the Janus kinase (JAK) family of kinases *via* tyrosine phosphorylation \[[@CR52]\]. Inhibition of the Jak2-STAT3 pathway blocked the upregulation of MIP-1α 6 h following LPS treatment in cultured murine macrophages \[[@CR53]\]. The modification of cysteine residues and tyrosine phosphatases \[[@CR54]\] by Nox2-derived ROS may alter MAPK and/or the Jak2/STAT3 pathway and thus regulate chemokine production. The exact molecular mechanisms regulating these processes are currently being investigated in our laboratory.

In conclusion, this study provides evidence that Nox2 is essential in protecting against lung injury during systemic inflammation. The finding of a basal increase in the expression of MIP-1α, MCP-1, and MIP-2 *in vivo* as well as MIP-1β *ex vivo* in alveolar macrophages isolated from the gp91^phox-/y^ mice suggests that Nox2 modulates the production of chemokines by alveolar macrophages, thereby regulating neutrophil infiltration in the lung under inflammatory conditions. Enhanced basal secretion of these inflammatory chemokines in the gp91^phox-/y^ mice, while insufficient to cause significant lung injury under resting conditions, may make the lungs more susceptible to inflammation following an acute inflammatory stimulus. The interaction between activated circulating neutrophils and increased secretion of inflammatory chemokines from the alveolar macrophage leads to neutrophil infiltration in the alveolar space in gp91^phox-/y^ mice. Strategies aimed at regulating chemokine production in the lung may be a future target for reducing lung injury-associated morbidity in the setting of systemic inflammation.
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